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(g) The present invention provides a surface pro- 
cessing method capable of processing the sur- 
face of a work at a high processing rate without 
damaging the surface of the work by using, in 
combination, a fast processing technique using 
charged particles and a moderate processing 
technique using neutral particles that scarcely 
damage the surface of the work,and a surface 
processing apparatus suitable for carrying out 
the surface processing method. In canying out 
a surface treatment process, the substrate is 
processed in a moderate surface processing 
mode using neutral particles when the sub- 
strate is exposed substantially to charged parti- 
cles, and the substrate is processed in a fast 
surface processing mode using charged parti- 
cles when the substrate is not exposed substan- 
tially to charged particles to achieve the surface 
treatment process at a high processing rate 
without damaging the surface of the substrate. 
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BACKGROUND OF THE INVENTION 

The present invention relates to a surface proces- 
sing method and an apparatus for carrying out the 
same and, more particulariy, to an Improved surface 
processing method capable of processing the surface 
of a solid work, such as a semiconductor work or a 
metal work, at a high processing speed without signifi- 
cantly damaging the surface of the solid work, and an 
apparatus suitable for carrying out the surface proces- 
sing method. 

A plasma has often been used In forming a minute 
pattern on the surface of a semiconductor work by 
etching. A dry etching process disclosed, for example, 
in Japan. J. Appl. Phys., Vol. 12, No. 1, p.154 (1973) 
produces a plasma of CF4 by means of electromag- 
netic waves of 1 3.6 MHz, and etches Si or SIO2 In the 
plasma. This dry etching process is advantageous 
over the conventional wet etching process In fonfnfng 
a minute pattern on a semiconductor substrate, 
whereas the same has a problem that the semicon- 
ductor substrate is damaged by charged particles 
contained in the plasma. 

To obviate damages attributable to the charged 
particles, etching processes employing electrically 
neutral particles are disclosed in Japanese Patent 
Laid-open (Kokai) Nos. Sho 61-113775 and Sho 62- 
259443. The etching process disclosed in Japanese 
Patent Laid-open (Kokal) No. Sho 61-113775 
employs a molecular beam produced by thermally 
exciting molecules of chloride or the like by heating in 
a furnace for etching. The etching process disclosed 
In Japanese Patent Laid-open (Kokal) No. Sho 62- 
259443 etches a substrate by promoting the Interac- 
tion between a halogen gas and the substrate by the 
kinetic energy of neutral particles obtained by neut- 
ralizing Ar ions or the like produced in a plasma 
through charge exchange. Although these prior art 
etching processes are able to avoid damaging the 
substrate by the electric charge of the charged parti- 
cles, the etching rate of these prior art etching proces- 
ses is in the range of a tenth to a hundredth of the 
conventional etching process using a plasma. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide 
a surface processing method capable of achieving 
etching at a relatively high processing rate without 
entailing damages attributable to charged partrcles in 
the substrate. 

Another object of the present Invention is to pro- 
vide a surface processing apparatus suitable for car- 
rying out the foregoing surface processing method. 

The present inventton uses, in combination, a fast 
surface processing method employing charged parti- 
cles, namely, a surface processing technique capable 
of processing the surface of a work at a high proces- 



sing rate, and a moderate surface processing method 
employing neutral particles, namely, a surface pro- 
cessing technique capable of processing the surface 
of a work at a nrK)derate processing rate without slg- 

5 nificantly damaging the work, for processing the sur- 
face of a work. The present invention processes the 
surface of a work by the moderate surface processing 
method when the substrate of the work is exposed 
substantially to charged particles and processes the 

10 surface of the work by the fast surface processing 
method when the substrate of the work is not exposed 
substantially to charged particles. 

The surface processing method in accordance 
with the present Invention is canied out by a surface 

15 processing apparatus having both an ability to pro- 
cess the surface of a work at a high processing rate 
with charged particles and an ability to process the 
surface of the work at a moderate processing rate with 
neutral particles without causing significant damages 

20 in the subsfrate of the work. 

in etching a layer of a functional material formed 
on a substrate, the layer is etched at a high etching 
rata with charged particles In the initial etching stage, 
and only very thin portions of the layer remaining in 

25 the final etching stage are etched with neutral parti- 
cles, in such an etching process, the surface of the 
substrate underiying the layer of a functional material 
is protected from charged particles by the layer of a 
functional material and hence the surface of the sub- 

30 Strata is not damaged. Since the fast etching process 
is tenminated and the moderate etching process is 
started immediately before the thickness of the layer 
of a functional material is reduced to an extent In 
which damages occur in the surface of the substrate, 

35 the surface of the substrate is not damaged in the rest 
of the etching period. Since the moderate etching pro- 
cess employing neutral particles is executed only for 
etching the very thin portions of the layer, time 
required for the moderate etching process is very 

40 short Thus, fast etching can be achieved without sig- 
nificantly damaging the substrate. 

The surface processing method may be canried 
out by either a novel, unique, Integrated surface pro- 
cessing apparatus having both an ability to etch a 

45 work at a high etching rate with charged particles and 
an ability to etch the work at a moderate rate with neut- 
ral particles without significantly damaging the sub- 
strate of the work or a composite surface processing 
apparatus consisting of a surface processing unit 

50 employing charged particles for fast etching and a 
surface processing unit employing neutral particles 
for moderate etching. Naturally, it is desirable to con- 
struct the surface processing apparatus, either the 
integrated surface processing apparatus or the com- 

55 poslte surface processing apparatus, so that the work 
can undergo continuously both the fast etching pro- 
cess employing charged particles and the moderate 
etching process employing neutral particles without 
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being exposed to the atmosphere between the fast 
etching process and the moderate etching process. 

The above and other optional features and 
advantages of the present Invention will become more 
apparent from the foilowing description taken In con- 
nection with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 Is a diagrammatic view of a surface proces- 
sing apparatus in a first embodiment according to 
the present invention; 

Fig. 2 is a diagrammatic view of a surface proces- 
sing apparatus in a second embodiment accord- 
ing to the present Invention; 
Fig. 3 is a diagrammatic view of a surface proces- 
sing apparatus in a third embodiment according 
to the present invention; and 
Fig. 4 Is a diagrammatic view of a surface proces- 
sing apparatus In a fourth embodiment according 
to the present invention. 

DESCRIPTION OF THE PREFERRED 
EI^BODIMENTS 

First Embodiment 

Referring to Fig. 1, a surface processing 
apparatus in a first embodiment according to the pre- 
sent invention has a processing chamber 1 for fast 
etching using a plasma, a processing chamber 9 for 
moderate etching using neutral particles, and an Inter- 
mediate chamber 12 interconnecting the processing 
chambers 1 and 9, and provided with a work transport- 
ing mechanism. A work W such as formed by forming 
a SIO2 layer (base layer) on a semiconductor wafer, 
and forming a SI layer (objective layer of a functional 
material) over the SiOa layer is transferred from the 
processing chamber 1 to the processing chamber 9 
through the Intermediate chamber 12 by the work 
transporting mechanism to subject the work W con- 
tinuously to fast etching and moderate etching without 
exposing the same to the atmosphere. An etching pro- 
cess for etching the Si layer fomied over the SiOz 
layer formed over the surface of the semiconductor 
wafer will be described by way of example. In this des- 
cription, the base layer Is a layer underiying the layer 
of a functional material to be subjected to etching and, 
in this example, it is to be noted that the Si02 layer is 
the base layer. 

Referring to Fig. 1, the work W is mounted on a 
work support table 3 disposed within the processing 
chamber 1, and then an etching gas containing a halo- 
gen, such as CF4 gas, Is supplied through a gas inlet 
2 into the processing chamber 1. In this state, 13.6 
MHz electromagnetic waves are generated In the pro- 
cessing chamber 1 to produce a plasma by high-fre- 
quency discharge within the processing chamber 1. 



The etching gas is decomposed by the plasma to pro- 
duce free radicals of the halogen (fluorine). The Si 
layer Is etched by the free radicals of the halogen. 
Charged particles produced In the plasma and falling 

5 on the Si layer contribute to the etching of the Si layer. 
However, the charged particles are unable to reach 
the Si02 layer underlying the Si layer because the 
charged particles are Intercepted by the Si layer, so 
that the Si02 layer is not damaged by the charge of 

10 the charged particles. 

During the progress of the fast plasma etching 
process In the processing chamber 1, the thickness of 
the Si layer is monitored with an interference film 
thickness meter 1 1 . As soon as the Si layer has been 

15 etched to a very small thickness, the supply of high- 
frequency power to the processing chamber 1 is stop- 
ped, and then the work W Is transferred from the woik 
support table 3 to a work support table 10 disposed 
within the processing chamber 9, In which a hatch 5A 

20 of the processing chamber 1 is opened, the work W 
is placed on the work transporting mechanism 6, a 
hatch 5B of the processing chamber 9 is opened after 
closing the hatch 5A, and then the work W is transpor- 
ted onto the work support table 1 0 disposed in the pro- 

25 cessing chamber 9 by the work transporting 
mechanism 6. The processing chamber 9 and the 
Intermediate chamber 12 are evacuated before trans- 
fenring the work W from the processing chamber 1 to 
the processing chamber 9 to transfer the work Wfrom 

30 the processing chamber 1 to the processing chamber 
9 without exposing the wori< W to the atmosphere. 

After the work W has thus been transferred from 
the work support table 3 to the woik support table 1 0, 
a gas containing a halogen, such as chlorine. Is sup- 

35 plied through nozzles 8 provided respectively with 
heaters 7 into the processing chamber 9 after closing 
the hatch 5B of the processing chamber 9. The hea- 
ters 7 heat the gas to activate the gas thenmalty while 
the same flows through the nozzles 8. The themnally 

40 excited gas is highly reactive and is capable of etching 
the Si layer. However, since the thermally excited gas 
is not charged, the Si02 layer underiying the Si layer 
is not damaged by the thenmally excited gas. The ther- 
mally excited gas enables highly anisotropic etching. 

45 The timing of changing the etching mode from the 

fast plasma etching in the processing chamber 1 to 
the moderate etching using neutral particles in the 
processing chamber 9 is dependent on the compo- 
sition of the functional material forming the objective 

50 layer to be etched and etching conditions. Generally, 
It is desirable to terminate the fast plasma etching pro- 
cess in the processing chamber 1 and start the mod- 
erate etching process using neutral particles in the 
processing chamber 9 when the objective layer is 

55 etched to a thickness In the range of about 10 nm to 
about 100 nm. It is also possible to change the etching 
mode upon the elapse of a predetemnined time 
required for etching the Si layer to a predetermined 
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thickness if time required for removing the objective 
layer entirely by the fast plasma etching process in the 
processing chamber 1 is known. In such a case, the 
thickness of the SI layer need not be monitored by the 
interference film thickness meter 11. Although the 5 
work support table 3 in this embodiment serves also 
as an electrode for applying the high-frequency power 
to the processing chamber 1 , the processing chamber 
1 may be provided with a separate electrode for such 
a purpose. It is also possible to apply high-frequency io 
power to the processing chamber 1 through a high- 
frequency power supply coil or a wavegukle. 

The surface processing method has been des- 
cribed as applied to etching the Si layer fonned over 
the Si02 layer by the surface processing apparatus 15 
shown in Fig. 1. A surface processing method as 
applied to a thin film forming process for forming an 
objective layer over a base layer by the same surface 
processing method will be described hereinafter. A 
SiOs layer (objective layer) Is fonned over the surface 20 
of a work W of Si (Si wafer). Since the surface of the 
work W is exposed in the initial stage of the thin film 
fomiing process, the SiOa layer Is formed over the 
work W in a moderate thin film fomning mode in the ini- 
tial stage of the thin film forming process. First, the 25 
work W of Si (Si wafer) is mounted on the work sup- 
port table 10 of the processing chamber 9, and then 
oxygen gas is supplied through the nozzles 8 into the 
processing chambers, heating the oxygen gas by the 
heaters 7. The heated highly reactive oxygen gas so 
oxidizes the surface of the work W of Si to form a thin 
Si02 fDm over the surface of the work W. Although the 
film fomfiing rate of the moderate thin film forming pro- 
cess is lower than that of an oxide film forming pro- 
cess using charged particles, the moderate thin film 35 
fonming process does not damages the work W. Sub- 
sequently, the work W is transferred from the proces- 
sing chamber 9 to the processing chamber 1 . in which 
the surface of the work W is further oxidized by using 
an oxygen plasma produced by ionizing oxygen gas 40 
supplied through the gas Inlet 2 into the processing 
chamber 1. Although charged particles contained in 
the oxygen plasma fall on the surface of the work W, 
the charged particles are unable to reach the Si sur- 
face of the woric W because the charged particles are 45 
intercepted by the thin SIO2 film fomned by the mod- 
erate thin film forming process in the processing 
chamber 9 and hence the Si surface of the work W is 
not damaged. The oxidizing rate In the oxidizing pro- 
cess using the oxygen plasma is higher than that in so 
the oxidizing process performed in the processing 
chamber by using the neutral particles, a desired Si02 
film can be formed at a relatively high oxidizing rate. 

Second Embodiment 55 

Referring to Fig. 2, a surface processing 
apparatus in a second embodiment according to the 



present invention has a single processing chamber 1 3 
capable of functioning both In a processing mode 
using charged particles and a processing mode using 
neub'al particles. Accordingly, a work can be subjec- 
ted to both fast surface processing and moderate sur- 
face processing in the processing chamber 13. 

A work W such as formed by forming an objective 
layer to be etched on a semiconductor wafer is held 
fixedly on a work support table 15 throughout a sur- 
face b-eatment process. In etching the surface of the 
work W, for instance, a reactive gas Is supplied 
through a gas inlet 16 into the processing chamber 1 3 
and high-frequency power is applied to an electrode 
14 to produce a plasma in the processing chamber 1 3 
by high-frequency discharge. The objective layer 
fonming the surface of the work W is exposed to the 
plasma for fast etching. After the objective layer has 
been etched to a sufFiclently small thickness, the elec- 
trode 14 is disconnected from a high-frequency power 
source 4 and the supply of the reactive gas through 
the gas inlet 16 is stopped. Then, a reactive gas is 
supplied through nozzles 8 respectively provided with 
heaters 7 into the processing chamber 1 3. While flow- 
ing through the nozzles 8. the reactive gas is heated 
and themnally excited by the heaters 7 to produce 
molecular beams. The remaining thin objective layer 
of the work W is etched completely by the molecular 
beams. 

The surface processing apparatus provided with 
the single processing chamber 13 capable of func- 
tioning for both surface processing using the charged 
partlctes and surface processing using the neutral 
particles can t>e fonmed In a compact construction. 

Third Embodiment 

Fig. 3 shows a surface processing apparatus in a 
third embodiment according to the present invention. 

The surface processing apparatus in the third 
embodiment differs from the surface processing 
apparatus shown in Fig. 2 in the method of producing 
neutral particles, and is identical with the surface pro- 
cessing apparatus shown in Fig. 2 in the construction 
and the procedure for etching the surface of a work W 
with charged particles contained In a plasma in a fast 
etching mode. Therefore, the description of the con- 
struction and functions of the surface processing 
apparatus for fast etching using the plasma will be 
omitted. After the completion of the fast etching pro- 
cess using the plasma, a reactive gas is supplied 
through a gas inlet 16 into a processing chamber 13 
for moderate etching using neutral particles. An 
activating plate 18 and a heater 17 for heating the 
activating plate 1 B are disposed within the processing 
chamber 13. The activating plate 18 excites the 
molecules of the reactive gas impinging on the sur- 
face thereof by heat to produce neutral particles hav- 
ing a high etching ability (activated molecules of the 
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reactive gas). The neutral particles fall on the surface 
of the work W supported on a work support table 15 
along random directions, so that the surfece of the 
work W is subjected to Isotropic etching. If the surface 
of the work W needs to be subjected to anisotropic 5 
etching, a collimator 1 9 is disposed before the work W 
to collimate the paths of the neutral particles, and the 
collimator 19 Is cooled at a low temperature. Accord- 
ingly, the activated neutral particles are cooled to the 
ground state and loose etching ability when the acti- io 
vated neutral particles impinge on the collimator 19, 
and only the neutral particles (activated molecules) 
passed through openings 20 fomfied in the collimator 
1 9 contribute to etching the surface of the work W, so 
that the surface of the work W is etched in an anisot- is 
ropic etching mode (vertical etching mode). Materials 
suitable for forming the activating plate 18 are quartz, 
ceramics and metals. The collimator 19 Is formed of 
the same material as that forming the activating plate 

18. 20 

Fourth Embodiment 

Fig. 4 shows a surface processing apparatus in a 
fourth embodiment according to the present inven- 25 
tlon. 

This surface processing apparatus uses a micro- 
wave (generally, a microwave of 2.45 GHz) for pro- 
ducing a plasma. A microwave produced by a 
magnetron 21 and gukJed by a waveguide 22 into a so 
discharge tube 23 fomied of a material that transmits 
electromagnetic waves, such as quartz or a ceramic, 
excites a gas contained in the discharge tube 23 to 
produce a plasma by microwave discharge. An elec- 
tromagnet 24 sunrounding the discharge tube 23 35 
creates an axial magnetic field in the discharge tube 
23 to make charged particles of the plasma perform 
circular motion in order that time before the charged 
particles collkJe against the wall of the discharge tube 
23 and become extinct may be extended. Accelerat- 40 
ing grids 28 and 29 for accelerating the charged par- 
ticles and blocking grids 30, 31 , 32 and 33 for blocking 
the charged particles are disposed within a proces- 
sing chamber 26. The accelerating grids 28 and 29 
and the blocking grids 30, 31 , 32 and 33 can be sh ifted 45 
respectively by grid shifting mechanisnw 25A and 
25B between an operative position on the path of 
charged particles between the discharge tube 23 and 
a work support table 34 and an inoperative position 
outside the path. so 

in operation, a gas containing a halogen, such as 
CF4 gas, or a mixed gas containing a halogen, oxygen 
and nitrogen is supplied through a gas inlet 27 into the 
processing chamber 26 and, at the same fame, the 
microwave is introduced Into the discharge tube 23 to 55 
produce a plasma by microwave discharge. At this 
stage, the accelerating grids 28 and 29 and the block- 
ing grids 30 to 33 are held respectively at their 



inoperative positions. In this state, radicals and 
charged particles (ions) produced In the plasma are 
free to fall on the surface of a work W for tine fast etch- 
ing of the surface of the work W. 

The thickness of an objective film, i.e., a film to be 
etched, forming the surface of the work W is monit- 
ored by a thickness monitor 1 1 . After the objective film 
has been etched to a very small thickness, the 
accelerating grids 28 and 29 and the blocking grids 30 
to 33 are shifted respectively to their operative posi- 
tions as shown in Fig. 4. A voltage is applied across 
the accelerating grids 28 and 29 so that the charged 
particles (ions) are accelerated. Some ions among 
those accelerated by the accelerating grids 28 and 29 
give their charge to the neutral particles of the gas by 
charge exchange reaction and change into neutral 
particles fomnlng beams, maintaining the kinetic 
energy. For example, the grids 30 and 33 are groun- 
ded, a negative voltage is applied to the grid 31 and 
a positive voltage Is applied to the grkJ 32 to intercept 
the charged particles so that the charged particles 
may notfall on the surface of the work W. Accordingly, 
the charged particles (ions and electrons) are unable 
to fall on die surface of ttie work W, and only the 
beams of the neutral particles produced by charge 
exchange reaction and neutral radicals are allowed to 
fall on the surface of the work W. The objective film is 
etched in a moderate etching mode mainly by the 
interaction of ttie neutral radicals and the material 
fomning the objective film. The energy of the beams of 
the neutral particles enhances the interaction of the 
neutral radicals and the material forming the objective 
film. Thus, the moderate etching mode in which the 
neutral radicals and the neutral particles are used for 
etching is established by placing the accelerating 
grids 28 and 29 and the blocking grids 30 to 33 re- 
spectively to their operative positions as shown in Fig. 
4. The accelerating grkJs 28 and 29 may be held at the 
inoperative position in the moderate etching mode if 
reduction in etching rate is allowed. 

The work support table 34 of the surface proces- 
sing apparatus of Fig. 4 may be moved vertically by a 
lifting mechanism. If the work support table 34 is 
raised toward tfie lower opening of the discharge tube 
23 with the accelerating grids 28 and 29 and the block- 
ing grids 30 to 33 held respectively at the inoperative 
positions, a high-density plasma is available for etch- 
ing. Therefore, the etching rate in the fast etching 
mode using the radicals and nns (charged particles) 
of the plasma in the initial stage of the etching process 
can further be increased by raising the work support 
table 34 toward the lower opening of the discharge 
tube 23. The voltages applied to tiie accelerating grids 
28 and 29 and the blocking grids 30 to 33 may be con- 
trolled instead of shifting ttie same between the 
operative positions and the inoperative positions. 

Although the neutral particles and the reactive 
radicals are produced from the same gas in this embo- 
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diment, they may be produce respectively from diffe- 
rent gases. For example, neutral particles may be pro- 
duced by introducing a rare gas, such as argon gas 
or neon gas, through a gas inlet 35 formed near the 
discharge tube 23 into the discharge tube 23. Reac- 
tive radicals may be produced by another discharge 
tube and another microwave source. It Is also poss- 
ible to use such a surface processing apparatus as 
shown in Fig. 1 , having two processing chambers, one 
of which for fast etching with a plasma produced by 
microwave discharge and without using any grids, 
and the other for moderate etching with a plasma pro- 
duced by microwave discharge and by using grids. 
The fast etching process to be carried out in the pro- 
cessing chamber 1 of the surface processing 
apparatus shown in Fig. 1 may use a plasma pro- 
duced by a microwave discharge device as shown In 
Fig. 4. 

As is apparent firom the foregoing description, the 
present invention uses a fast surface processing tech- 
nique using charged particles and a moderate surface 
processing technique using neutral particles in an 
effective combination, in which the surface of a work 
is processed mostly in a fast surface processing mode 
using charged particles, and the surface of the work 
is processed in a moderate surface processing mode 
using neutral particles only In the final stage of the sur- 
face processing operation in which the portion of the 
work underiying the objective surface layer is most 
likely to be damaged. Accordingly, damages in the 
portion of the work underiying the objective surface 
layer can be prevented, the low surfece processing 
rate In the moderate surface processing mode using 
neutral particles can be compensated, and hence a 
desired surface processing operation can be 
achieved in a significantly reduced time. 



prising: means for carrying out a surface treat- 
ment process using charged particles; and 
means for carrying out a surface treatment pro- 
cess not using charged particles. 

s 

5. A composite surface processing apparatus com- 
prising, in combination: a surface processing unit 
which carries out a surface treatment process 
using charged particles; and a surface proces- 

10 sing unit which carries out a surface treatment 
process not using charged particles. 

6. A surface processing apparatus according to 
claim 4, wherein the means for carrying out a sur- 
fs face treatment process not using charged parti- 
cles includes blocking means disposed between 
the means for canying out a surface treatment 
process using charged particles and a work to be 
subjected to a surface treatment process, to inter- 

20 cept charged particles so that the same may not 

fall on the surface of the work. 

7. A surface processing method in which a film is for- 
med on, or removed from, a substrate, and whe- 

25 rein a charged particle treatment process is 
employed when said film has greater than a pre- 
determined thtekness which Is sufficient to pro- 
vide at least partial shielding of the underiying 
substrate from damage by the charged particles 

30 and a treatment process not employing charged 
particles is employed when said film has thick- 
ness less than said predetermined thickness. 

8. A surface processing method according to claim 
35 7 wherein said predetermined thickness is in the 

range 10 nm to 100 nm. 



20 



Claims 

40 

1 . A surface processing method for canrying out sur- 
face treatment on a substrate, comprising: carry- 
ing out a surface treatment process not using 
charged particles when the substrate is exposed 
substantially to charged particles, and carrying 45 
out a surface treatment process using charged 
particles when the substrate is not exposed sub- 
stantially to charged particles. 

2. A surface processing method according to daim so 

1, wherein the surface treatment process not 
using charged particles uses neutral particles. 

3. A surface processing method according to daim 

2, wherein the neutral partides are thermally 55 
excited molecules. 

4. A surface processing apparatus integrally com- 
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